An astronomically calibrated stratigraphy is generated for Site 882 over the last 4 m.y. based on fine tuning of GRAPE (gamma-ray attenuation porosity evaluator) density oscillations in the orbital precession band to the summer insolation at 65°N. This resulted in an independent calibration of the magnetic susceptibility record. The tuning improved the variance density over all the main orbital frequencies for both the GRAPE density and the magnetic susceptibility records and shows high coherencies with the summer insolation record, as indicated by cross-spectral analysis. Cross-spectral analysis between the GRAPE density and the magnetic susceptibility (indicative of the input of ice-rafted debris at Site 882) indicates an in-phase relationship over the main orbital frequencies.
INTRODUCTION
One of the major advances in paleoceanography and paleoclimatology in the past decade has been the discovery that orbitally induced changes in solar radiation strongly influence variations in paleoceanographic proxy records. This has resulted in the development of an astronomically calibrated time scale for the last 5-6 m.y. (Shackleton et al., 1990 (Shackleton et al., ,1995 Hilgen, 1991; Tiedemann et al., 1994) . The benthic oxygen isotope records monitor global ice-sheet variations and changes in deep water temperature (Tiedemann et al., 1994) . It has been shown that ice volume is directly linked to astronomical forcing and lags the EaruYs insolation by 5-8 k.y. (Imbrie and Imbrie, 1980) . Other proxy records, as well as oxygen isotopes, also reflect astronomical forcing. For example, Shackleton et al. (1995) "tuned" the GRAPE sediment density record at Site 846 in the central Pacific, and Tiedemann et al. (1994) used the dust flux record at Site 659 off northwest Africa as independent parameters to generate the astronomically calibrated δ 18 θ stratigraphy. They found along with Hilgen (1991) that the magnetic boundaries of the last 6 m.y. are 6%-8% older than the ages of the conventional time scale (Berggren et al., 1985) .
At northwest Pacific Site 882, it is impossible to obtain a highresolution isotope record because of a lack of carbonate in many intervals of the sediment record (Haug et al., this volume) . Two continuous and high-resolution proxy records are available, however, which can be used to generate an astronomically calibrated time scale. First, the magnetic susceptibility record at Site 882 reflects terrigenous input dominated by ice-rafted debris (IRD) since the major onset of Northern Hemisphere glaciation at 2.7 Ma. Second, the GRAPE density record monitors the changes in sediment composition caused by variations in biogenic opal productivity, carbonate productivity and dissolution, and IRD input (0-2.7 Ma). 1 Rea, D.K., Basov, I.A., Scholl, D.W., and Allan, J.F. (Eds.), 1995. Proc. ODP, Sci. Results, 145: College Station, TX (Ocean Drilling Program) .
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In this paper, we present an astronomically calibrated stratigraphy for Site 882 for the last 4 m.y. based on fine tuning of the oscillations in the precession frequency band of the GRAPE density record to the summer insolation at 65°N.
METHODS AND DATABASE
The magnetic susceptibility and the GRAPE density records are based on shipboard data (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) . Continuous measurements of both records were taken in Holes 882A and 882B. Data spacing was approximately 4-6 cm for the last 2.73 m.y., 10-15 cm in deeper sections for the magnetic susceptibility record, and 1-3 cm for the GRAPE density record. In both records, ash layers were deleted "on paper" based on the barrel sheet descriptions.
The high-resolution magnetic susceptibility and GRAPE density records from Holes 882Aand 882B were spliced to obtain a continuous composite record for the last 4 m.y. In general, our depth correlation between both holes is based on the composite depth sections reported by the Leg 145 shipboard party (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) . However, if the core recovery exceeded the maximum recovery of 9.5 m, we corrected the sediment depth by compressing such cores "on paper" back to 100% core recovery (Table 1) . This minor revision resulted in a general reduction of the composite depth (mbsf c.d.) compared with the previous model defined by Rea, Basov, Janecek, Palmer-Julson, et al. (1993) and the removal of overlapping sections between succeeding cores from the same hole. Below 297.13 mbsf c.d. (base of Core 145-882A-28H, equal to 4.16 Ma), no composite depth is available and the sediment record is probably discontinuous because of a slight loss of sediment at core breaks.
The age of the magnetic susceptibility and GRAPE density records were initially interpolated from five magnetic reversal age control points (Table 2) which are based on the astronomically calibrated time scale from Shackleton et al. (1990) and Hilgen (1991): (1) the Brunhes/Matuyama boundary, (2) the Top Olduvai, (3) the Matuyama/Gauss boundary, (4) the Gauss/Gilbert boundary, and (5) the Top Cochity. For the last 2.6 m.y., a clear identification of the magnetic reversal boundaries was possible. However, between 106 mbsf c.d. and 333 mbsf c.d., the placement of magnetic reversals vs. depth remained uncertain because the signal of the natural remanent magnetization was too low and the results became noisy and inconsistent (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) . Significant magnetic reversals again became common below 333 mbsf c.d., which were assumed to represent, on the basis of magnetic susceptibility correlations with Site 884 (Fig. 1) , the lower three normally magnetized events of the Gilbert Chron. Furthermore, the correlation between the magnetic susceptibility records enabled us to narrow the range of uncertainty in the depth placement of the following reversal boundaries: Top Kaena, Top Mammoth, Gauss/Gilbert, and Top and Base Cochity (Fig. 1) . Table 2 gives the ages and depths to recognizable reversal boundaries at Site 882. For the astronomical calibration, we used the standard tuning techniques of Imbrie et al. (1984) . For time-series analysis, the age of each data point was estimated by linear interpolation between agedepth control points. We then interpolated each record at constant 3-k.y. intervals. After the data had been linearly detrended the variance density spectrum was estimated and the data were then filtered at the dominant frequency bands. For the tuning procedure, we used the astronomical solution of Berger and Loutre (1991) for the last 5 m.y. We tuned the precession-related oscillations of the GRAPE density record to the summer insolation at 65 °N.
ASTRONOMICAL CALIBRATION OF THE TIME SCALE ((M MA)
A first attempt at spectral analysis after linear interpolation between the initial age control points shows that both GRAPE density and magnetic susceptibility oscillations were broadly related to variations in orbital periodicities (Fig. 2) . The untuned GRAPE density and magnetic susceptibility records show a high response to the eccentricity (400 and 100 ka), obliquity (41 ka), and precession (23/19 ka) signals. The GRAPE density record, however, shows a higher response to the precessional periodicity than the magnetic susceptibility record.
For the last 4 m.y., we relied on fine tuning of the precessionrelated oscillations of the GRAPE density record to the summer insolation at 65 °N, rather than tuning the magnetic susceptibility record to obliquity, because of a higher time resolution of 19/23-ka units between each age control point. Other reasons for preferring the GRAPE density record are (1) the continuance of a strong GRAPE density signal below 111.2 mbsf c.d. (equal to 2.73 Ma), (2) the less pronounced high-frequency amplitude fluctuations of the magnetic susceptibility record between 1.3 and 2.7 Ma, and (3) the breakdown of the magnetic susceptibility signal at 2.73 Ma caused by the absence of IRD input during the Pliocene warm period, before the major intensification of the Northern Hemisphere glaciation (Fig. 2) .
We fine-tuned the GRAPE density minima of the last 4 m.y. directly to summer insolation maxima (July) at 65°N, assuming no phase difference. This negative correlation is indicated by the lowresolution planktonic record from Site 882 (0-0.8 Ma), which clearly indicates that GRAPE density minima occur during warm stages (Fig.  2) . Furthermore, the GRAPE density minima are related to IRD input minima and biogenic opal maxima during the last 2.73 m.y., as indicated by a comparison with independent sedimentological proxy data (Rea, Basov, Janecek, Palmer-Julson, et al., 1993; Haug et al., this volume) . Before the major change at 2.73 Ma, the sediments have a different composition than during the last 2.73 m.y. In the warm Pliocene interval between 2.73 and 4 Ma, there is no significant IRD input. High GRAPE density values, therefore, reflect maxima in carbonate accumulation (Haug et al., this volume) . The benthic and planktonic isotope records from 2.6 to 3.1 Ma (Maslin et al., this volume) indicate that GRAPE maxima correlated with isotopic warm stages before the major change at 2.73 Ma. The result is a negative correlation of GRAPE density values to warm stages between 0 and 2.73 Ma and a positive correlation between 2.73 and 4 Ma (Fig. 2) .
Assuming zero phase differences might be an oversimplification of the true phase relationships between the GRAPE density record and the insolation record, especially for the last 2.7 m.y. If the cyclic variations in the GRAPE record are mainly controlled by changes in ice volume that lags the insolation record by several thousand years (Imbrie and Imbrie, 1980) , then the GRAPE record should also lag the insolation record. Cross-spectral analysis between the GRAPE density and the magnetic susceptibility record shows that during the last 1 m.y., both records are highly coherent and in phase at the major orbital frequencies (Fig. 3) . Haug et al. (this volume) found a remarkable correlation between the magnetic susceptibility record and the siliciclastic fraction >2 µm. From this, we conclude that (1) the fluctuations in the magnetic susceptibility record are a good proxy for the input of IRD and (2) the fluctuations in the GRAPE density record have a strong overprint caused by the supply of IRD. Because the supply of IRD at Site 882 is controlled by the southward advances of the subarctic sea-ice margin and is thus related to changes in arctic-ice volume, the GRAPE density record may lag the insolation record by a few thousand years during the last 2.7 m.y. However, with the absence of IRD before 2.7 Ma the phase relationships between the GRAPE record and the insolation record may have changed, because changes in biogenic opal and carbonate productivity/dissolution control the GRAPE density fluctuations. We do not yet know the true phase relationships, but this would only result in a minor error of the tuned time scale. Cross-spectral analysis between the different sediment components (biogenic opal, carbonate, IRD, etc.) at Site 882 may help to solve this problem.
The low response of the GRAPE density record to variations in orbital precession during the Olduvai Event (1.77-1.95 Ma) and between 2.45 and 2.58 Ma (Fig. 2) did not allow fine tuning to the precession-related fluctuations of the insolation record. In contrast, significant variance existed at the obliquity band over this time interval. Therefore, we tuned the obliquity-related fluctuations of GRAPE to the obliquity component of the insolation record.
Tuning the time interval from 2.6 to 2.8 Ma was problematic because it included the major change in the sedimentation rates and the change from an anti-phase to an in-phase relationship between the GRAPE and the insolation record associated with the dramatic drop of the GRAPE density values. The sedimentation rate of the last 2.6 m.y. was on average 4 cm/k.y. and increased at the Matuyama/Gauss (Tiedemann et al., 1994) . We used the following independent evidence to test the correlation between the insolation and the GRAPE density record for the last 4 m.y.:
1. A tuning in the precessional band (0-2.73 Ma) improved the variance density over all the main orbital frequencies and indicates high coherencies with the 65 °N July insolation record, as indicated by cross-spectral analysis. The strong concentration of spectral power at the eccentricity (400 and 100 ka) and obliquity (41 ka) periods after tuning the GRAPE density precession-related oscillations corroborates the tuning (Fig. 2) .
2. After tuning the record, we calculated the sedimentation rates between each adjusted age control point of orbital variation (Table 3) . Extreme deviations in the sedimentation rate between age control points are not very likely. The sedimentation rates are found to vary from 10 to 19 cm/k.y. between 4 and 2.73 Ma, and from 2 to 9 cm/k.y. during the last 2.73 m.y. Even lower sedimentation rates of 1-2 cm/k.y. mark the Olduvai Event (Fig. 2) .
3. For the last 4 m.y., the precession component of the GRAPE density record was isolated by filtering and compared to orbital precession (Fig. 2) . We found a remarkable similarity of phase and amplitude variations between the 22-ka filter output from the GRAPE density record and orbital precession during the last 4 m.y., especially for the last 1.8 m.y. In addition, the 41-ka filter output from the GRAPE density record also provided good similarities to the orbital obliquity in both phase and amplitude over the last 4 m.y., with the best match found between 1 and 3.6 Ma (Fig. 2) .
4. Tuning the precessional component of the GRAPE density record to the insolation record also improves the spectral power of the magnetic susceptibility signal over all the main orbital frequencies. The time intervals 0-1 Ma and 2-3 Ma indicate significant coheren- cies with the insolation record at the main orbital frequencies (Fig. 2) . Over these time intervals, the 41-ka filter output from the magnetic susceptibility record is generally in phase with the variations in orbital obliquity. Between 2.73 and 2.5 Ma, strong maxima in ice-rafted debris as indicated by the magnetic susceptibility record occur during the first pronounced glacial oxygen isotope Stages 96-100 and 104-G6, along with the major intensification of the Northern Hemisphere glaciation. This is very likely.
From 1 to 2 Ma, however, the tuning did not improve the magnetic susceptibility response at the obliquity and the precession bands. The spectrum is dominated by a 333-ka and a 71-ka cycle. The 41-ka filter output shows a mismatch with orbital obliquity from 1.5 to 1.8 Ma and from 1.2 to 1.3 Ma. This may indicate that there is probably still a mistake in the stratigraphy. The mismatch at 1.25 Ma results from a strong magnetic susceptibility maximum. Such a maximum is typical for an ash layer that has probably been overlooked. However, the core photos give no clear evidence for an ash layer (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) .
Before 2.73 Ma, the magnetic susceptibility signal is greatly reduced because of the absence of IRD input and does not show any remarkable variations (Fig. 2) .
5. Over the last 0.8 m.y., the variations of cold and warm stages as indicated by the low-resolution planktonic δ 18 θ record from Site 882 corroborates the systematically tuned stratigraphy (Fig. 2) . The planktonic isotope record between 2.65 and 3.1 Ma (Maslin et al., this volume) confirms the tuning of GRAPE density maxima to isolation maxima between 2.73 and 4 Ma.
CONCLUSIONS
We developed a cycle stratigraphy for the last 4 m.y. for Site 882 in the northwest Pacific based on tuning the GRAPE density record. Age (Ma) Figure 2 (continued).
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Our results indicate that the GRAPE density record from Site 882 can be calibrated accurately to the precessional component of the summer insolation at 65°N during the last 4 m.y. This tuning resulted in an independent calibration of the magnetic susceptibility record. From 0 to 0.8 Ma and from 2.6 to 3.1 Ma, low-resolution planktonic δ' 8 O records from Site 882 (Haug et al., this volume; Maslin et al., this volume) corroborate the tuned stratigraphy.
Tuning the precession-related fluctuations in the GRAPE density to the insolation record increased the spectral density over all the main orbital frequencies for both the magnetic susceptibility and the GRAPE density records. Cross-spectral analysis between the GRAPE density and the magnetic susceptibility (indicative of the input of ice-rafted debris) indicated an in-phase relationship over the main orbital frequencies.
GRAPE (2-2.7 Ma)
Magnetic susceptibility (2-2.7 Ma) Precessional periods dominated the GRAPE density spectrum during the last 1 m.y. and between 2.7 and 4 Ma. From 1 to 2.7 Ma the GRAPE density response to orbital precession decreased, whereas the response to orbital obliquity increased and remained strong from 2.7 to 4 Ma. A significant 400-ka cycle occurred during the last 2.7 m.y. Surprisingly for the last 1 m.y. was the low power at the 100-ka period in the GRAPE record. In contrast, the magnetic susceptibility record was dominated by the 100-and 41-ka cycles during the last 1 m.y., whereas the response to precessional forcing was minor. This kind of spectrum is very similar to that of the global oxygen isotope record. This suggests that the magnetic susceptibility record via the input of IRD is mainly controlled by changes in ice volume, whereas the GRAPE density spectrum might have a strong overprint of additional forcing mechanisms. Fluctuations in the biogenic opal content Age (Ma) Figure 2 (continued).
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(Haug et al., this volume) may be responsible for the strong precessional response in the GRAPE density record, because carbonate accumulation occurred only sporadic during the last 1 m.y. Precessional forced changes in the supply of nutrients into the subarctic gyre off Kamchatka (Dodimead et al., 1963) may have triggered changes in productivity at Site 882. However, this can be tested by spectral analysis of the biogenic opal record. The goal of this work was to generate a high-resolution stratigraphy at Site 882 that enables a comparison of northwest Pacific proxy records to other high-resolution oceanic records for further paleoceanographic and paleoclimatic investigations.
